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Combining layers of different materials to form superlattice is an important approach to engineer novel ma-
terial structures with properties relying on the repeated functional units. Here, superlattices consisting of ATiO3
(A=Sn, Pb) and TiO layers with the general formula AnTi4nO7n are proposed and investigated with first princi-
ples computation. With the help of the phonon dispersion, we show some possible low-energy structural phases
and their evolution with epitaxial strain. The electronic bandstructure of such superlattices indicate remarkable
anisotropic conductivity, which is due to the fact that TiO is a conductor. Other layered structures and possible
combinations of ferroelectric material with simple metal-monoxide are also discussed.
I. INTRODUCTION
The structure of a crystal is probably the most important
feature that that determines its properties. For ferroelec-
tric and piezoelectric materials, strain engineering has been
widely used to enhance their performances1–4. In fact, ferro-
electric materials owe their technological significance to their
switchable polarization, which can be tuned with epitaxial
strain and electric field5. The effects of lattice misfit strain
on structural properties and polarization have been studied ex-
tensively in the past both theoretically and experimentally6–8.
In addition to applying strains, combing ferroelectricity with
other functionalities (e.g., conductivity) obviously has im-
portant scientific interest and potential technological applica-
tions. In terms of introducing charge carriers, the most im-
portant example is the LaAlO3/SrTiO3 heterointerface, where
the polarity discontinuity creates high-mobility electron gas9
enabling its conductivity, which was rather surprising since
both materials are good insulators. Later, Lee et al replaced
the polar LaAlO3 with a polarizable gel resulting in con-
tinuously tunable electron density on the interface10. Re-
searches have also proposed other superstructures, combin-
ing perovskite with other oxides in order to go beyond per-
ovskites and achieve better performance. A well known ex-
ample of such combination is a perovskite interfacing with its
own constituent component, referred to as the Ruddlesden-
Popper (RP) phase, in which extra rocksalt layers of the oxide
(AO) is added (along with some in-plane shift between) to n
layers of perovskite ABO3 slabs (n = 1,2,3 . . . ), resulting in
An+1BnO3n+111,12 [see Fig. 1(b) ], whose ferroelectric nature
has been investigated for Sn2TiO4 and Pb2TiO413,14.
Interestingly, there exists another possibility when BO is
used as the extra layer. For the ATiO3 system, this means
adding TiO layers. This possibility has been largely ignored
since the misfit strain between ATiO3 and TiO could be huge.
Nonetheless, given the recent discovery of giant polarization
in highly strained (16.5% tensile strain) crystal structure15,
the ATiO3/TiO superlattices are worth investigation. Further-
more, while perovskites junctioned with TiO2have been ex-
Figure 1. (a) 1× 1× 2 superlattice model of AnTi4nO7n(A=Sn)
grown along the z-direction. (b) Crystal structure of
An+1TinO3n+1(A=Sn)- RP phase. The grey spheres represent
Sn atoms while blue and red speheres represent Ti and O atoms
respectively.
plored to optimize the photoelectrochemical, photocatylitic,
and dielectric properties16,17, the use of TiO in conjunc-
tion with perovskites lacks any prior investigation. In this
work, we propose and investigate the superlattices made of
ATiO3/TiO (A=Sn,Pb) with and without epitaxial strain. Un-
der no epitaxial strain, the lattice parameter of TiO is larger
than that of its perovskite counterpart, therefore both of them
experience lattice misfit strain. With epitaxial strain, the extra
in-plane lattice mismatch between ATiO3 and TiO layers can
be potentially adjusted.
Practically, we build the superlattice by stacking sequence
of the (001) planes of AO-TiO2-2TiO-TiO2 with 12 atoms in
each unit cell [see the atoms enclosed by dotted lines in Fig.
1 (a)], noting that the TiO layer has two Ti atoms and two O
atoms in one unit cell. The general formula for such superlat-
tice is (ATiO3)n(2TiO)m(TiO2) (n = 1,2,3 . . . m = 1,3,5 . . . ),
different from the RP structure (An+1TinO3n+1) as shown in
Fig.1. We note that the TiO layer has been properly shifted
in the x-y plane to allow the oxygen atoms to sit right above
the titanium atom of ATiO3, maintaining the configuration of
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2TiO6 octahedra that strengthens the bonding of the TiO and
TiO2 layers. In addition to its structural novelty, we note
that TiO is metallic while ATiO3 is insulator with potential
ferroelectricity. In essence, we are proposing ordered struc-
tures with different functional units, following the recently
proposed research paradigm18. Such structures may have sur-
prising properties by the synergy of ferroelectricity and con-
ductivity that is tunable by the relative numbers of the TiO
layers and the perovskite layers.
II. METHOD
The structures of the proposed superlattices are fully re-
laxed using the projector augmented plane wave (PAW)
method as implemented in the GPAW Package25. The lo-
calized density approximation (LDA) is used with a cut-off
energy of 750 eV to ensure the convergence. A 4× 4× 2
Monkhorst-Pack26 sampling is used for the k-space integra-
tion. The valence orbitals used in the first-principles cal-
culations are: Pb (6s 6p 5d), Ti (3s 3p 4s 3d) and O
(2s 2p). All the crystal structures under consideration are
created using Atomic Simulation Environment and visual-
ized with VESTA27. The atomic positions and lattice con-
stants are well relaxed until both atomic forces and stresses
fall below 0.005 eV/A˚. This process leads to the low en-
ergy superlattice structures with the given symmetry, i.e.,
P4/mmm,P4mm,Pm,Amm2,Pmm2, and Cm.
The initial configurations of the superlattice are ob-
tained by distorting the titanium atoms in the perovskite
structure along the high-symmetry directions to form the
P4/mmm,P4mm,Pm,Amm2,Pmm2, and Cm phases5. The
overall symmetry of the superlattices is considered both be-
fore and after relaxation. In addition, we replicate the biaxial
strain effect on the superlattices by fixing their in-plane lat-
tice constant while optimizing the atom positions and the out-
of-plane lattice constant. The misfit strain is calculated with
ε = (a−a0)/a0 where a0 is the LDA optimized lattice con-
stant of the superlattice without the in-plane constraint28. The
equivalent atomic forces of the stress tensor components are
optimized to fall below 0.005 eV/A˚.
Property SnTiO3 PbTiO3
a(A˚) 3.78 (3.78) 3.859 (3.864)
c(A˚) 4.28 (4.27) 4.034 (4.051)
c/a(A˚) 1.132 (1.129) 1.045 (1.048)
Polarization (Cm−2) 0.99 (1.1) 0.76 (0.72)
Table I. Optimized structural parameters of tetragonal SnTiO3and
PbTiO3 with P4mm symmetry. Comparison is established against
the results from reference14,28,29,31? .
To be certain that the procedure we use is correct and the
parameters are properly chosen, we first carry out the ground-
state properties investigation of the tetragonal SnTiO3and
PbTiO3 crystal structures. A series of calculations were per-
formed to calculate their optimized lattice constants in the
tetragonal phases, which are then compared with values from
literature? . Table I highlights the excellent agreement of our
data with previous results, therefore manifesting for the cor-
rectness of our computational parameters.
III. RESULTS
The initial lattice constants of SnTiO3and PbTiO3with ions
in their ideal positions (P4/mmm symmetry) have the lat-
tice parameters of a =3.79, c =4.175 A˚31, and a =3.89,
c =4.15A˚15, respectively, whereas the rocksalt TiO has a lat-
tice constant of a = 4.17 A˚32 with the Fm3¯m symmetry. We
can clearly anticipate the stretching of the perovskite part in
the x-y plane when lattice is coherently kept with TiO. In this
section, we perform calculations to investigate (i) the stable
structures of the ATiO3/TiO (A=Sn,Pb) superlattice without
subjecting to external strain; (ii) the electronic bandstructure
of such superlattices; and (iii) how the superlattices evolve
with extra epitaxial strain when they are grown on substrates
with different lattice constants.
A. Phonon
In order to find the low-energy structural phases, we use
Phonopy33 to perform phonon calculation with the original
structure (P4/mmm symmetry) in order to obtain the unsta-
ble phonon mode. In this calculation, the lattice constants are
optimized but the ions are fixed on their initial ideal positions.
We used a 2×2×2 supercell (96 atoms) to get accurate results
on the high-symmetry points, .
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Figure 2. Phonon band structure for PbTiO3/TiO (top panel) and
SnTiO3/TiO (bottom panel).
3Figure 2 shows that the phonon dispersion of both
PbTiO3/TiO and SnTiO3/TiO have strong instabilities at the
Γ point k = (0,0,0), which provides clues to the most likely
structural phases, which we will discuss in Sec. III B. We note
the strong Γ point instability is inherent to many ferroelectric
perovksite including PbTiO3 and SnTiO3.
B. Structural phases
Figure 3. Different phases of the SnTiO3-TiO superlattice after struc-
tural relaxation: (a) Pm (b) Cm (c) Amm2. The figures in the first and
second rows are views from different angles.
Based on the well-known ferroelectric phases of per-
ovskites, we build and investigate several different structural
phases of the ATiO3/TiO superlattices as shown in Fig. 3. Al-
ternately stacking ATiO3 layer with TiO layer is equivalent to
replacing every second AO layer with the TiO layer, resulting
in the P4/mmm symmetry if the original cubic perovksite cells
are not distorted. However, we can displace ions in the per-
ovskite layers to build the well known phases (i.e., the P4mm,
Cm, Amm2,Pmm2, and Pm phases) as the initial configura-
tions (see Fig. 3) of the superlattices, which are taken as the
basis for first principles calculations.
The relaxed SnTiO3/TiO and PbTiO3/TiO structures with
the Cm and Amm2 phases are displayed in Fig.3, showing
large displacements of ions in the x− y plane and relatively
small shifts in the z direction. Table II provides the ion dis-
placements (in fractional coordinates) for the Cm and Amm2
phases of ATi4O7 while structural data of all the relaxed struc-
tures given in Tab. III, which shows that SnTiO3/TiO and
PbTiO3/TiO have the Cm phase and the Amm2 phase re-
spectively, as the ground state. To further confirm that they
are indeed the most likely structural phases, we have also
constructed another configuration suggested by the Γ point
phonon eigenvector, removed all the symmetry constraints,
and relaxed the structure again. However, no new structural
phase with lower energy arises.
Table II indicates that for both the Cm and Amm2 phases,
SnTiO3/TiO has larger ion displacements than those of
PbTiO3/TiO’s corresponding phases. In particular, due to its
relatively smaller ionic size, the Sn atoms exhibit a much
larger (10 times larger) displacement than the Pb atoms.
Table III also shows that, for the relaxed of ATiO3/TiO, the
Structure Atoms SnTi4O7 PbTi4O7
Cm Amm2 Cm Amm2
∆x ∆z ∆x ∆x ∆z ∆x
ATiO3
A 0.096 0.016 0.096 0.010 0.015 0.010
Ti 0.023 0.004 0.025 0.018 0.001 0.018
O -0.006 0.015 -0.007 0.019 0.015 0.019
O 0.016 0.008 0.015 0.018 0.007 0.018
O 0.002 0.008 0.006 0.021 0.007 0.021
TiO
Ti -0.008 0.015 0.028 0.037 0.015 0.037
Ti 0.028 0.015 -0.002 0.004 0.015 0.004
O -0.001 0.014 0.021 0.030 0.015 0.030
O 0.030 0.015 -0.003 0.003 0.015 0.002
TiO2
Ti 0.023 0.026 0.025 0.018 0.028 0.018
O 0.002 0.021 0.005 0.021 0.022 0.021
O 0.016 0.021 0.015 0.018 0.022 0.018
Table II. Displacement of atoms (in reduced coordinates) with re-
spect to their ideal positions in Cm and Amm2 phase ATi4O7
(A=Sn,Pb). ∆x and ∆z represent displacements along the x and z
directions, respectively. Note that both the Cm and the Amm2 phases
have ∆x = ∆y, while the Amm2 phase further has ∆z = 0.
Property a(A˚) b(A˚) c (A˚) α β γ Energy
Sn
Ti
4O
7
P4/mmm 4.0067 4.0067 7.8791 90 90 90 -108.4859
P4mm 4.0069 4.0069 7.9261 90 90 90 -108.5021
Pmm2 4.0116 4.0117 7.9178 90 90 90 -108.6356
Amm2 4.015 4.015 7.9039 90 90 89.33 -108.6361
Pm 4.011 4.012 7.9193 90 89.98 90 -108.6357
Cm 4.013 4.013 7.9125 89.98 89.98 89.54 -108.6585
Pb
Ti
4O
7
P4/mmm 4.012 4.012 7.8964 90 90 90 -108.7942
P4mm 4.013 4.013 7.8974 90 90 90 -108.7943
Pmm2 4.023 4.000 7.8946 90 90 90 -108.8260
Amm2 4.012 4.012 7.8950 90 90 89.88 -108.8316
Pm 4.023 4.000 7.8957 90 89.99 90 -108.8262
Cm 4.012 4.012 7.8946 89.98 89.98 89.87 -108.8315
Table III. Properties of different phases of ATiO3-TiO (A=Sn,Pb) su-
perlattice after relaxation. The rocksalt TiO has a lattice constant of
4.177 A˚. Energy is in eV per formula.
perovskite part SnTiO3 ( PbTiO3) experiences a tensile strain
of about 3.96% (3.80%) while the TiO undergoes a com-
pression of about 4% for each of the two cases [ao = 3.86
(SnTiO3), ao = 3.87 (PbTiO3), ao = 4.18 (TiO)]13,28. The
tensile strain forces the ATiO3 component into a pseudocubic
structure (a = b = 4.01 A˚ and c/2 = 3.95 A˚). The in-plane lat-
tice constants of SnTi4O7 and PbTi4O7 are almost identical,
which can be attributed to the rigid nature of the TiO layer
to restrict its further compression. For the relaxed structures,
except for the P4mm and the P4/mmm phases, all the other
phases have close energies, indicating that the ion displace-
ment along the z direction is suppressed.
C. Electronic band structure
Having shown the structural information of ATiO3/TiO, we
proceed to investigate the electronic properties of this spe-
cial structure. We first calculate the electronic band struc-
ture of TiO in order to verify the first principles computations
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Figure 4. Electronic band structure of TiO.
are valid and adequate. In Fig. 4, we display the calculated
electronic bandstructure of TiO, agreeing well with previous
results35, which clearly shows that TiO is a conductor34–36.
Given that TiO is a conductor and PbTiO3 and SnTiO3 are
insulators, it is interesting to know how the electronic band
structure changes when they are combined.
(a)
(b)
(c)
(d)
(e)
(f)
Figure 5. Bandstructure of PbTi4O7 (left panel) in its P4/mmm
phase. (a) Ions in ideal positions, cell optimized (a = 4.004 A˚and
c = 7.986 A˚); (b) Ions and cells are both relaxed (a = 4.013 A˚and
c = 7.897 A˚); (c) The Amm2 phase (using the basis of a+b and a−b,
therefore the directions in the reciprocal space is different from (a)
and (b) ).
In Fig. 5, we display the electronic band structure for
PbTiO3/TiO (left column) and SnTiO3/TiO (right column).
Figure 5 (a) shows that the electronic band structure of
PbTiO3/TiO in its original P4/mmm phase (the cell is relaxed
but the ions are kept to their ideal positions). The band struc-
ture clearly demonstrates that this type of structure is still a
conductor. Interestingly, the Γ to Z line (related to the su-
perlattice growth direction) is slightly above the Fermi level.
We have also obtained the band structure when the ions are
also relaxed, which is shown in Fig. 5 (b). This structure
is still a conductor, but the Γ to Z line has dropped below
the Fermi level. While such changes is small, it may indi-
cate some changes in the conductivity along the growth di-
rection. For the lowest energy state we have found (with the
Amm2 symmetry), Fig. 5 (c) shows that the Γ to Z line rises
above the Fermi level again, but still very close to it. The
changes shown in Figs. 5(a-c) indicate that the conductiv-
ity along the growth direction can be quite sensitive to the
ion displacements. Such a connection between the conduc-
tivity and ion position is particularly important given the fact
that both PbTiO3 and SnTiO3 are ferroelectric, a feature arises
from their ion displacements. Moreover, in all the three cases
shown in Figs. 5(a-c), the Γ to Z line is special given its
flatness, indicating an anisotropic conductivity with the huge
electron/hole effective mass along the superlattice growth di-
rection. Figures. 5(d-f) show that SnTi4O7 has similar be-
haviors on the Γ to Z line with some minor variations than
PbTiO3.
D. Under epitaxial strain
It has been a common practice to grow crystals on differ-
ent substrates to engineer epitaxial strain. In order to under-
stand how the ATiO3/TiO superlattices behave when they are
grown on substrates, we obtained the energies of the afore-
mentioned phases under different epitaxial strains, which are
shown in Fig. 6. Since the P4mm and P4/mmm phases have
a much larger energy than the other phases over the whole
strain range, they are omitted from Fig. 6. The rest of the four
phases (i.e. Pm, Pmm2, Cm, and Amm2) have very close en-
ergies as seen in Fig. 6. With the epitaxial strain, our calcula-
tions show that the monoclinic Cm phase of the ATiO3 super-
lattice is stable for a wide range of compressive strain, high-
lighting the ease of the TiO layer in stabilizing the monoclinic
phase, which is a less common phase in pure perovskites22–24.
Figure 6(a) shows that SnTiO3/TiO has the Cm phase as
the ground state for a wide range of mistfit strain until a =
4.10 A˚(≈2.15% tensile strain) when the Amm2 phase be-
comes most stable because the in-plane shift becomes more
important at this point. Figure 6(b) shows a similar behav-
ior for the PbTiO3/TiO where the Cm phase is most stable
until a = 4.05 A˚(≈0.95% tensile strain), beyond which, the
Amm2 phase starts to dominate. Interestingly, over the whole
misfit strain range, while the Pm [with polarization direction
(u,0,w) ] and Pmm2 [(u,0,0)] phases are very close in energy
to the Amm2 [(u,u,0)] and the Cm [(u,u,w)] phases, their ion
displacements are quite different in direction.
Figure7 shows a decrease of the (c/2)/a ratio of
ATiO3/TiO (A=Sn,Pb), which is adopted to compare to the
c/a ratio of ATiO3, with an increasing in-plane lattice con-
5Figure 6. Energy of the epitaxially strained (a) SnTi4O7 and
(b) PbTi4O7as function of in-plane lattice parameter for Amm2,
Pmm2,Pm,and Cm phase superlattices. Black dotted lines indicate
percentage misfit strain on ATi4O7 (A=Sn,Pb). Green and yellow
dotted lines represent the regions of Cm and Amm2 phases.
Figure 7. c/2a Ratio as function of in-plane lattice parameter of
ATi4O7 (A=Sn,Pb)
stant. Over the whole misfit strain range, the (c/2)/a ra-
tio of SnTiO3/TiO remains higher than that of PbTiO3/TiO,
which is likely due to the higher tetragonality of the par-
ent SnTiO3(1.13)28 as compared to PbTiO3(1.065)37. As
we know, at 3.85 A˚, epitaxially strained SnTiO3 has a sta-
ble P4mm phase (with c/a≈1.07)28. The insertion of the
TiO-layer dose not change the high tetragonality much (
(c/2)/a=1.059). As the in-plane lattice parameter further in-
creases, the parent SnTiO3 phase changes from the P4mm to
the Cm phase, which is reflected in the decreasing (c/2)/a of
SnTiO3/TiO as shown in Fig. 7.
IV. DISCUSSION
In this work, we have proposed and investigated a novel su-
perlattice structure that combines perovskite ATiO3 and TiO
layers. As a matter of fact, a few group of metal-oxides
also have layered structures, in addition to the RP phases38.
The Aurivillius phase was first proposed by Aurivillius in
1949 with the general formula (Bi2O2)(An−1BnO3n+1), where
A and B are cations39. It can be thought of as alternating
layers of Bi2O2 and perovskites. The Dion–Jacobson series
with the general formula A′ (An−1BnO3n+1), where A′, A and
B are cations40. This structure have an intermediate layer
of A′ atoms (often alkali metal) between perovskite blocks.
More recently, Tsujimoto et al started with a conventional per-
ovskite SrFeO3−x and managed to remove more oxygens from
it, producing a structure with alternating layers of FeO2 and
Sr12.
For the layered structure we have proposed, there are many
simple oxides and perovksites to choose from. For instance,
possible monoxides with the rocksalt structures include MgO
(a = 4.217 A˚), MnO (a = 4.446 A˚), NiO (a = 4.178 A˚), CoO
(a = 4.263 A˚), and NbO (a = 4.2101 A˚). Among them, NbO
is metallic41,42 and NiO and CoO are antiferromagnetic. It is
clear that their combination with perovksite ferroelectrics has
the potential to generate novel materials with special proper-
ties.
The growth of such superlattice does not seem particu-
larly difficult since TiO does not add any new element to
ATiO3. The ATiO3/TiO superlattice can be fabricated by
alternating growth of the ATiO3 and TiO layers using ox-
ide molecular beam epitaxy (O-MBE), pulsed laser deposi-
tion (PLD), or atomic layer deposition (ALD) methods. With
the in situ monitoring with the reflected high energy elec-
tron diffraction (RHEED), the thickness of both the ABO3
and the TiO layers, as well as their periodicity, can be pre-
cisely controlled. The epitaxial lattice strain can be induced
by properly selecting single crystal perovskite substrates. For
instance, the BaTiO3 (001) and (1 − x)PbMg1/3Nb2/3O3-
xPbTiO3 (PMN-PT) substrates can induce tensile strain while
the SrTiO3 (001), LaAlO3 (001) substrates can induce com-
pressive strain. We finally note that, in growing such superlat-
tices, there is no constraint on the ration between the number
of ATiO3 layers and the TiO layers, which are like lego bricks
with all the possible combinations to tune the properties of the
resulting superlattices.
V. CONCLUSION
In this work, we have proposed a novel type of struc-
ture with TiO layers inserted into the perovskite PbTiO3
or SnTIO3. We have investigated their structural and elec-
tronic properties, finding that they are conductors, but strongly
anistrotpic with potential tunable conductivity along the
growth direction being special that is sensitive to ion displace-
ments. Such a feature can be the basis to couple conductivity
with ferroelectricity, which could be used to control the con-
ductivity with electric field or strain by displacing the ions.
6We hope this work will encourage more experimental investi-
gation of this novel structure.
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